The biosynthesis of cephalosporins involving a thiozolidine ring expansion is catalyzed by deacetoxycephalosporin C synthase (DAOCS). In this study, three DAOCS isozymes were cloned and expressed as active enzymes together with Streptomyces jumonjinensis DAOCS that was newly isolated and partially characterized. The enzymes showed excellent substrate conversion for penicillin G, phenethicillin, ampicillin and carbenicillin, but they were less effective in the ring expansion of penicillin V, amoxicillin and metampicillin. Streptomyces clavuligerus DAOCS was the most active among the recombinant enzymes. The results also showed that truncation of 20 amino acids at the C-terminus of the Acremonium chrysogenum deacetoxy/deacetylcephalosporin C synthase polypeptide did not affect penicillin ring expansion.
Introduction
Penicillin N is expanded to deacetoxycephalosporin C (DAOC) by deacetoxycephalosporin C synthase (DAOCS), an iron-dependent and K-ketoglutarate-requiring dioxygenase. DAOC is then hydroxylated to form deacetylcephalosporin C (DAC) by deacetylcephalosporin C synthase (DACS) or DAOC hydroxylase [1] as elucidated in Scheme 1. Such ring expansion activity was ¢rst observed in Acremonium chrysogenum [2] . In A. chrysogenum, a single bifunctional DAOC/DACS encoded by cefEF gene catalyzes both reactions. The enzyme possesses both expandase and hydroxylase activities, thus indicating its bifunctionality [3] . However, in Streptomyces clavuligerus, the expansion of isopenicillin N (IPN) to DAOC and hydroxylation of DAOC are catalyzed by DAOCS and DACS independently. The S. clavuligerus cefE gene encoding DAOCS [4] and the cefF gene encoding DACS [5] have both been cloned, sequenced and expressed in Escherichia coli. However, the cefE gene of S. clavuligerus encoded a DAOCS protein that is 21 amino acids shorter than the gene product of cefEF from A. chrysogenum.
So far, one fungal DAOC/DACS (A. chrysogenum) and three bacterial DAOCS (S. clavuligerus, Nocardia lactamdurans and Lysobacter lactamgenus) have been isolated and characterized [3, 4, 6, 7] . The DAOCS gene isolated from Streptomyces jumonjinensis was newly reported in this study. The sjDAOCS gene (GenBank accession number of AF317908) consists of 936 nucleotides that encode a protein of 311 amino acid residues. The sjDAOCS protein (GenBank accession number AAL09460) possesses an estimated molecular mass of 34242.1 Da. sjDAOCS shares 86, 78, 69 and 64% nucleotide sequence similarity with scDAOCS, N. lactamdurans DAOCS (nDAOCS), L. lactamgenus DAOCS (llDAOCS) and cDAOC/DACS. The corresponding amino acid sequence shared 85, 73, 59 and 57% similarity with scDAOCS, nDAOCS, llDAOCS and cDAOC/DACS respectively.
The objective of this work is to compare the catalytic functionality and enzyme-kinetics of DAOCSs isolated from diverse sources. Hence we have cloned and isolated DAOCSs from one fungal source (A. chrysogenum) and two bacterial sources (S. clavuligerus and S. jumonjinensis) to investigate its discrepancy in enzymatic activity and substrate speci¢city.
Materials and methods

Materials
Biochemicals of analytical grade were purchased from Amersham Pharmacia Biotech, Sigma-Aldrich and BioRad Laboratories. High-performance liquid chromatography (HPLC)-grade solvents were purchased from FisherScienti¢c. Penicillin G, ampicillin, amoxicillin, phenethicillin, carbenicillin, penicillin V and metampicillin were purchased from Sigma-Aldrich. E. coli strain Ess was kindly provided by Professor Arnold, L. Demain from Drew University, NJ, USA. The reverse-phase HPLC-puri¢ed oligonucleotide primers were synthesized by Operon Technologies, Inc. Restriction enzymes were purchased from Promega Corporation, Stratagene and New England Biolabs. T4 DNA ligase was purchased from BRL. Pfu DNA polymerase was purchased from Promega. Penicillinase was purchased from Becton Dickinson. All enzymes were used according to the manufacturers' instructions.
Construction of recombinant expression vectors
The expandase genes were isolated from the genomic DNA of S. jumonjinensis and A. chrysogenum. The genomic DNA of S. jumonjinensis was isolated by the method of Hopwood et al. [8] . Isolation of A. chrysogenum genomic DNA was performed as described by Skatrud and Queener [9] . Primers speci¢c to S. jumonjinensis DAOCS (sjDAOCS, GenBank accession number AF317908) and A. chrysogenum DAOC/DACS (cDAOC/ DACS, GenBank accession number AJ404737) were designed based on the sequence available in the GenBank (http://www.ncbi.nlm.nih.gov/Genbank/). In order to ligate the genes into the pGK expression vector [10] , a BamHI site was introduced into the forward and reverse primers for the cloning of full-length cDAOC/DACS (cDAOC/DACS-FL) and the truncated cDAOC/DACS (cDAOC/DACS-v20). For cDAOC/DACS-v20, 20 amino acids (AAEAAVPAAAPVSTAAPIAT) located at the C-terminus of the respective full-length fungal enzyme were deleted. In the case of sjDAOCS, a BamHI and XhoI site were introduced into the forward and reverse primers respectively. Primers designed for PCR cloning are tabulated in The ampli¢ed fragments were subsequently puri¢ed from the agarose gel and subcloned into pCRII-Blunt-TOPO 0 cloning vector (Invitrogen). The TOPO construct was then digested with appropriate restriction enzymes to release the inserted gene. These inserted genes were consequently ligated to the corresponding restriction sites in pGK expression vector. The resultant recombinant pGK constructs carrying the sjDAOCS, cDAOC/DACS-FL and cDAOC/DACS-v20 genes were named psjEXP-GST, pcEXPFL-GST and pcEXPv20-GST respectively. The authenticity of psjEXP-GST, pcEXPFL-GST and pcEXPv20-GST was then con¢rmed via restriction en- 
a The restriction cut site for the cloning primers are shown in bold.
zyme digestion and DNA sequencing. The scDAOCS recombinant construct assigned as pscEXP-GST was previously reported by Sim and Sim [11] .
Expression and puri¢cation of DAOCS isozymes
The recombinant constructs were transformed into E. coli BL21(DE3) and cultivated to high levels of expression and harvested [12] . Fusion proteins of the DAOCSs were puri¢ed from soluble cell free extracts by a⁄nity chromatography using the MicroSpin1 GST Puri¢cation Module (Amersham Pharmacia Biotech) used according to the manufacturer's instructions. The protein fractions were separated using sodium dodecyl sulfate^polyacrylamide gel electrophoresis (SDS^PAGE) and Bio-Rad GS-700 Imaging Densitometer was used to estimate the relative expression levels of these DAOCSs. Protein concentrations were measured by the Bradford assay [13] and bovine serum albumin (Sigma) was used as the reference standard.
Enzyme assays
The standard reaction mixtures reported by Sim and Sim [11] were adopted and designated as Rxn SS in this study. Penicillin G, ampicillin, amoxicillin, phenethicillin, carbenicillin, penicillin V and metampicillin were added separately to the reaction mixtures to a ¢nal concentration of 4 mg ml 31 . Puri¢ed DAOCSs were adjusted to a concentration of V2^3 mg ml 31 for each enzyme assay. Procedures for the addition of reaction components and for the detection of ring expansion activities of these enzymes through bioassay were done as previously described [11, 14, 15] . The agar plate di¡usion method [11, 14, 15] was applied to detect penicillinase-resistant cephalosporin products. Aliquots of 200 Wl of each reaction mixture were added into each bioassay well. Cephalosporin C was used as the reference standard. One unit of enzyme activity is de¢ned as the amount of enzyme that forms the equivalent of 1 ng of cephalosporin C per minute under the prescribed conditions.
HPLC analysis
The liquid chromatography system used was a PerkinElmer LC system consisting of a PE 785A UV/VIS detector, a PE Series 200 autosampler, a PE Series 200 LC pump and a 5-Wm, 250U4.6-mm I.D. supelcosil LC-18 column from SUPELCO. Turbo Method Development Software controlled the operation and data acquisition software of the chromatography system. The chromatographic condition described by Chin et al. [14, 15] was adopted. Since only the cephem moiety of ampicillin (cephalexin) was commercially available, the conversion of ampicillin was measured via HPLC method. Cephalexin was used as standard reference for quantitation.
Computational analysis
DAOCS amino acid sequences were obtained from GenBank databases. The sequences of DAOCS were cross-examined in terms of their relatedness using a multiple sequence alignment program, Clustal W (version 1.74) [16] .
Results
Heterologous expression of soluble DAOCS isozymes
The recombinant cultures were expressed at 25 ‡C for 15 h to harvest the cell-free extracts as described [14^15]. The GST-fused DAOCSs were expressed in considerable amounts (approximately at 2^3 mg ml 31 ). Puri¢ed GSTfusion proteins of scDAOCS, sjDAOCS, cDAOC/DACS and cDAOC/DACS-v20 are shown in Fig. 1 represented by a molecular mass of approximately 60 kDa, 60 kDa, 62 kDa and 60 kDa respectively as judged by the separation on the SDS^PAGE gel.
Determination of hydrophobic penicillin analogue conversion via bioassay
Bioassays using E. coli strain Ess as the test microorgan- ism were carried out to compare the conversion of hydrophobic penicillin analogues by DAOCSs. All experimental data were con¢rmed by at least triplicate measurements. The speci¢c activity of puri¢ed scDAOCS fusion protein for penicillin G, ampicillin, amoxicillin, phenethicillin, carbenicillin, penicillin V and metampicillin conversion were determined at 1042 U, 458 U, 13 U, 1551 U, 128 U, 51 U and 26 U respectively ( Table 2 ). The catalytic activities of sjDAOCS for penicillin analogues conversion were roughly 26^58% of scDAOCS activity. The ring expansion activity of various penicillin analogues by cDAOC/DACS-FL and cDAOC/DACS-v20 were approximately 5^54% of scDAOCS activity. The conversion of amoxicillin and penicillin V by sjDAOCS, cDAOC/DACS-FL or cDAOC/ DACS-v20 were undetectable. The ring expansion activities of the cDAOC/DACS-FL and cDAOC/DACS-v20 
H a One unit of activity is the amount of DAOCS required to form the equivalent of 1 ng cephalosporin C per minute. b Relative speci¢c activity of each mutant enzyme is expressed as the percentage of the speci¢c activity of the mutant enzyme relative to that of the wild-type enzyme at 100%. were approximately equivalent. The results also showed that scDAOCS is the most active in penicillin analogue conversion among the enzymes tested. Generally, DAOCSs from bacterial sources are inherently more active compared to that of the fungal source.
Determination of ampicillin conversion via HPLC
To further con¢rm the results obtained via biological assay, the ring expansion activities of DAOCSs were also evaluated biochemically by HPLC. Ampicillin and cephalexin (cephem moiety of ampicillin) eluted at retention times of approximately 17 and 16 min respectively, whereas Fe(II) and K-ketoglutarate appeared on the chromatogram at about 3 min. The conversion of ampicillin was tested using Rxn SS. The speci¢c activity of ampicillin conversion for scDAOCS, sjDAOCS, cDAOC/DACS-FL and cDAOC/DACS-v20 were determined at 2221 U, 932 U, 133U and 178 U respectively ( Table 3 ). The relative activity of sjDAOCS, cDAOC/DACS-FL and cDAOC/ DACS-v20 were estimated at 42%, 6% and 8% respectively in comparison to that of scDAOCS activity (Table  3) . Comparable activities were observed for results obtained by the bioassay and the HPLC methods though inconsequential di¡erences were observed in the speci¢c activities of these enzymes. The speci¢c activities of these enzymes determined by HPLC were consistently higher (approximately four-fold) than those determined by bioassay. This disparity might be due to the di¡erences in the sensitivity of the assay method used.
Substrate speci¢city of DAOCS isozymes
The enzymes showed excellent substrate activity for penicillin G and phenethicillin followed by ampicillin, carbenicillin, penicillin V, metampicillin and amoxicillin in decreasing order (Fig. 2) . However, sjDAOCS and cDAOC/ DACS were unable to convert penicillin V and amoxicillin under Rxn SS. Conversion was not detected for 6-aminopenicillanic acid (6-APA, the nucleus of penicillin) or oxacillin, suggesting that these enzymes have a relatively stricter selectivity for the side chain of penicillin substrates.
Discussion
So far, a comparison of the biochemical properties of the bacterial and fungal enzymes with respect to biotransformation of di¡erent penicillin substrates has not been reported. The results of this study have demonstrated that recombinant scDAOCS was able to convert seven penicillin N analogues namely penicillin G, ampicillin, amoxicillin, phenethicillin, carbenicillin, penicillin V and metampicillin under the reaction conditions of Rxn SS (Table 3) . These analogues probably mimic the natural penicillin N substrate with their aliphatic carbon side chains bound to the residues that normally bind the methylene groups of K-aminoadipoyl side chain in penicillin N. However, the recombinant sjDAOCS and cDAOC/DACS were only able to expand the ring structure of penicillin G, ampicillin, phenethicillin, carbenicillin and metampicillin. This outcome suggested that the substrate preferences for these enzymes are di¡erent. Our results di¡er compared to that proposed by Hamilton et al. [17] . They proposed that DAOC/DACS might react with a much broader range of substrates than other DAOCSs due to the bifunctionality of the fungal enzyme. However, further structural studies in conjunction with more functional and kinetic studies would be necessary to verify the precise molecular basis for the di¡erences in substrate selectivity. The conversions of penicillin G, ampicillin, phenethicillin, carbenicillin and metampicillin by sjDAOCS were also newly observed in this study. The conversions of these penicillin N analogues by the recombinant cDAOC/ DACS have not yet been reported thus far. Dubus et al. [18] a⁄rmed that scDAOCS was unable to convert carbenicillin due to the relatively strict selectivity for the side chain of the penicillin substrate. However, in this study, the conversion of carbenicillin is clearly catalyzed by recombinant scDAOCS, sjDAOCS and cDAOC/DACS. This may be attributable to Rxn SS being more opposite for the conversion of a much broader range of penicillin analogues particularly for those carrying aromatic side chains. The results also suggested that 6-APA which is devoid of an aromatic side chain might lead to packing de¢ciency in the catalytic pocket of DAOCSs, and thus hamper the catalytic e⁄ciency of the DAOCSs. Since, Dubus et al. have suggested that the acetyl group might be the minimal side chain amenable for the ring expansion of DAOCS [18] , the outcomes observed were expected. In contrast, the bulky side chain of oxacillin might increase the steric hindrance in the catalytic center that could disrupt the enzymatic action of DAOCSs. Thus, the results suggested that the isoxazole ring structure in the side chain of oxacillin was unfavorable for ring expansion activity. Presumably, a ¢tting geometry of the penicillin side chain is necessitated by the requirement to accommodate the catalytic pocket of DAOCS.
The recombinant scDAOCS was also found to be more active in the conversion of penicillin substrate compared to that of sjDAOCS and cDAOC/DACS as judged by bioassay (Table 2 ) and HPLC assay ( Table 3 ). The conversion for penicillin by the bacterial DAOCS namely scDAOCS and sjDAOCS were more e¡ective compared to the fungal cDAOC/DACS. In contrast, the speci¢c activity of another enzyme linked to the same biosynthetic pathway, isopenicillin N synthase (IPNS) was found to be higher than that of the bacterial counterpart [19] . The rationale for the discrepancy observed in DAOCS and IPNS remains speculative.
The C-terminus cDAOC/DACS from the fungal source is approximately 20 amino acids longer compared to scDAOCS, sjDAOCS and nDAOCS whilst the latter three are about 5^8 amino acids shorter compared to llDAOCS. Lloyd et al. [20] suggested that the C-terminus of scDAOCS might assist in the introduction of substrates to the active site. Nevertheless, the in£uence by the di¡er-ences at the C-terminus of these enzymes was intriguing. In this study, we have shown that the truncated cDAOC/ DACS-v20 enzyme possesses ring expansion activity which is comparable to that of authentic cDAOC/ DACS-FL enzyme (Tables 2 and 3 ). These outcomes inferred that the supplementary 20 amino acids in the C-terminus of cDAOC/DACS are not essential for the ring expansion of the penicillin substrate. However, further evidence was required to confer the involvement of these 20 amino acids in hydroxylase activity of the bifunctional fungal enzyme. Miller and Ingolia [21] anticipated that the missing 20 amino acids might be vital instead for DACS activity. Recently, Hamilton et al. [17] revealed a fundamental di¡erence in reactivity between these fungal and bacterial enzymes. The bacterial DAOCS was proposed to possess an 'uncoupled turnover' mechanism, which differed from the fungal DAOC/DACS. This observation suggested that the C-terminus of fungal DAOC/DACS and bacterial DAOCS confer dissimilarity in functionality.
